In this letter we present a quantum well infrared photodetector ͑QWIP͒, which is fabricated as a photonic crystal slab ͑PCS͒. With the PCS it is possible to enhance the absorption efficiency by increasing photon lifetime in the detector active region. To understand the optical properties of the device we simulate the PCS photonic band structure, which differs significantly from a real two-dimensional photonic crystal. By fabricating a PCS-QWIP with 100x less quantum well doping, compared to a standard QWIP, we are able to see strong absorption enhancement and sharp resonance peaks up to temperatures of 170 K.
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Research on photonic crystals ͑PCs͒, structures with a periodic refractive index modulation, has opened up several avenues for the control of light.
1,2 Most existing devices are realized as two-dimensional ͑2D͒ PC structures, as they are compatible with standard semiconductor processing. [3] [4] [5] [6] An important class of 2D-PC structures is the photonic crystal slabs ͑PCSs͒. The PCS is a dielectric structure with a periodic index modulation in only two dimensions and refractive index guiding in the third. [7] [8] [9] The applications for PCSs range from optical resonators 10 to lasers 11, 12 and detectors. 13, 14 In this letter, we present a quantum well infrared photodetector ͑QWIP͒ fabricated as a PCS structure. Extensive research has been conducted on QWIPs, which are now a commercially viable technology. [15] [16] [17] One important application is thermal imaging with focal plane arrays. 18 However, to achieve high signal-to-noise ratios most systems need to be operated at liquid nitrogen temperatures. The PCS-QWIP structure, presented in this letter, could provide a way to improve temperature performance of QWIPs by resonant absorption enhancement. Here we investigate the optical properties of a PCS-QWIP and compare it to standard QWIP devices.
The QWIPs are grown by molecular beam epitaxy as a GaAs/ Al 0.30 Ga 0.70 As bound-to-quasibound structure, designed to operate at a wavelength of 8 m. The active region consists of 26 periods, each with a well and barrier width of w = 4.5 nm and b = 45 nm, respectively. Two different QWIP designs are used: One doped with an equivalent sheet carrier density of 4 ϫ 10 11 cm −2 , grown on semiinsulating GaAs substrate, and a low doped with 4 ϫ 10 9 cm −2 sheet carrier density, grown on n + GaAs substrate. The highly doped QWIP is used as the reference material. Following the design guidelines for an optimized detector in Ref. 17 , the optimum detectivity is expected around T = 100 K for this doping density. The doping level of the low doped QWIP is chosen to be far below the optimum, which results in much smaller absorption efficiency. The QWIP layer sequence is a GaAs substrate, followed by a 2 m thick Al 0.85 Ga 0. 15 As sacrificial layer, a 500-nm-thick GaAs ͑2 ϫ 10 18 cm −3 ͒ bottom contact layer, the 1.4 m thick active region, and a 100 nm GaAs ͑2 ϫ 10 18 cm −3 ͒ top contact layer.
From each QWIP detector material, PCS-QWIPs and, for comparison, standard mesa QWIPs are fabricated. The PC structures are underetched by selectively removing the sacrificial AlGaAs layer with a 24% HCl solution to create the free standing PCSs ͓Fig. 1͑a͔͒. A schematic illustration of the finished device is shown in Fig. 1͑b͒ . The spectral response of the standard QWIP has a peak at 1250 cm −1 ͑Fig. 2, dashed line͒. Light below this frequency does not have sufficient energy to excite electrons from the bound state to the continuum. For photons above this frequency an electronic transition becomes more unlikely, hence the absorption is reduced.
The photocurrent spectrum of the PCS-QWIP ͑Fig. 2, solid line͒ also shows a response peak at 1250 cm −1 , but additionally displays several pronounced resonance peaks. To describe the effect of the PC in a PCS-QWIP, we can split the response into two separate functions: ͑1͒ coupling of the external field into a PCS mode and ͑2͒ resonant absorption enhancement. Without a PC, the device would be insensitive to surface normal incidence illumination as an electronic transition in the QWIP requires an electric field perpendicular to the quantum wells. 17 For this reason, without an additional coupling mechanism, the standard QWIP is always measured at a 45°angle of illumination. In most commercially available QWIP devices, the coupling of the incoming radiation is achieved by fabricating a grating onto the QWIP surface. 19, 20 In contrast to a grating, the PCS not only allows coupling to normal incidence radiation, but also acts as a resonator, which increases the photon lifetime in the active region of the QWIP and, thereby, enhances the absorption efficiency. Each of the sharp peaks in Fig. 2 corresponds to an excited PCS resonance.
The optical properties of PC structures are represented by the photonic band structure. It was calculated for the PCS, shown in Fig. 2 , by the revised plane wave expansion method ͑Fig. 3͒. 21 All dimensions used in the simulation were extracted from SEM measurements. The band structure of a PCS significantly differs from a 2D-PC, which theoretically extends to infinity in the out-of-plane direction. 7 The leaking of the modes out of the slab causes the photonic bands to shift toward higher frequencies with respect to a 2D-PC. The shift depends of the mode symmetry; odd modes are shifting stronger than even modes.
In a 2D-PC the modes split into transverse electric ͑TE͒ and transverse magnetic ͑TM͒ polarizations. A QWIP in a real 2D-PC would only detect TM modes, as the TE modes have no electric field in growth direction. The modes in a PCS show even or odd mode symmetry with respect to the mirror plane in the slab center, but are not purely TE or TM anymore. 22 Further, polarization mixing can transfer energy from one mode to another. 23 For this reason odd and even modes can be detected by the QWIP ͑Fig. 3͒.
The measured resonance peaks in the photocurrent spectrum ͑Fig. 2͒ can be explained with the simulated photonic band structure ͑Fig. 3͒. The measurement was performed at surface normal incidence, so the in-plane wave vector is zero ͑⌫-point͒. The frequencies of the lowest two resonances coincide very well with the simulated photonic bands. The third resonance falls right between the photonic bands, it most likely corresponds to a higher order slab mode. In this simulation only first order slab modes were calculated. All other resonance peaks correspond to higher photonic bands. The simulated values deviate from the measurements for higher modes, where the simulation is more sensitive to small changes of the device geometry or refractive indices. The fact that some PCS modes are seen as resonance peaks while others are invisible can be explained by symmetry arguments. A pronounced resonance peak is only visible when the PCS mode is in-plane symmetry-matched to an incident wave. 22 The widths of the resonance peaks ͑Fig. 2͒ depend on the photon lifetime in the resonator and are determined by the decay rate of the electromagnetic energy in the corresponding PCS eigenmode. A useful measure for the photon lifetime is the quality factor Q, defined as / ␦. In the lateral direction, the flow of the electromagnetic energy is described by the group velocity v g , which is given by the slope of the photonic bands in the photonic band structure. At the ⌫-point ͑normal incidence͒, the bands are flat, v g is very small and the Q-factor can be large. For the third resonance peak in Fig. 2 we measured Q = 295. In the out-of-plane direction, the light is confined by the high refractive index contrast between slab and surrounding air, which is a significant advantage of the PCS design.
The increased photon lifetime leads to absorption enhancement in the active region. By designing a PCS to have a resonance at the QWIP absorption peak, the photocurrent can be increased while thermally generated dark current remains constant ͑Fig. 4͒. In the high doped QWIP material, however, the absorption is already high and the resonant enhancement is small ͑upper two lines in Fig. 4͒ . For this reason the low doped QWIP material was grown. By reducing the quantum well doping, the absorption efficiency and the dark current are reduced simultaneously. Now, the PCS resonance can develop and enhance the low QWIP absorption. The comparison of a PCS-QWIP to a standard QWIP with 100ϫ less doping shows a pronounced resonance peak right at the QWIP peak absorption at 1315 cm −1 ͑8.4 m͒. A direct comparison of the peak width for this resonance peak for high and low doping is shown in the inset in Fig. 4 .
As the low doped standard QWIP is grown on n + GaAs substrate and illuminated at a 45°angle from the 
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backside, the light is partly absorbed by free carrier absorption. To compensate for this additional absorption, the photocurrent response of the standard QWIP is divided by the calculated substrate transmission. From the first resonance peak at 1315 cm −1 to the higher resonances around 1850 cm −1 the transmission is in the range from 20% to 40%.
At higher temperatures, the performance of QWIPs is usually limited by thermally generated dark current, which depends exponentially on the doping density. 17 However, in standard QWIPs a high doping density is required to achieve strong absorption. In the PCS-QWIP the absorption is resonantly enhanced without creating additional dark current ͓Fig. 5͑a͔͒. At low temperatures ͑Ͻ70 K͒, the dark current is dominated by background blackbody radiation, therefore it is constant ͓Fig. 5͑b͔͒. At higher temperatures the dark current grows exponentially and the photocurrent signal is covered in the background noise. The standard QWIP signal vanishes in the noise before 140 K while the PCS-QWIP resonance is still visible at 170 K ͓Fig. 5͑a͔͒. At even higher temperatures it is not possible to operate the QWIPs, as the signal vanishes in the dark current and the high current density starts heating the QWIP.
In conclusion, we presented a QWIP, which is fabricated as a PCS structure. With the PCS it is possible to resonantly enhance the absorption in the detector active region. To understand the optical properties of the device we simulated the photonic band structure, which differs significantly from a real 2D-PC. Accurate results are received only if the influence of the slab guiding is considered. By fabricating a PCS-QWIP with low quantum well doping, we were able to see strong absorption enhancement. The sharp resonance peaks were visible at temperatures up to 170 K. Further research on this topic will include optimization of the PCS, as Q-factors of several thousand have been theoretically predicted. For narrow band signals the PCS-QWIP design should allow to build detectors with improved detectivity. We envision that this approach will enable significant improvement in QWIP detector performance for industrial applications including thermal imaging or high speed data transmission. 
